Brunhes epoch secular variation in the Indian and Atlantic Ocean regions has been examined using available and unpublished palaeomagnetic results from igneous rocks. Specimens from 401 separate units, all of which have unstable components minimized, are involved. More than half of these data are previously unpublished. The data are classified as fist order when the mean direction for each body is derived from at least four separate specimens, and second order when the number of specimens per body is not considered. Geomagnetic palaeosecular variation models are examined in terms of the latitude dependence of angular dispersion (S) of virtual geomagnetic poles (VGP's).
Introduction
Spherical harmonic analysis divides the geomagnetic field into two major components: the main geocentric dipole, which is at present inclined at 113" to the spin axis, and the non-dipole field which at present is best envisaged as being due to 10 to 12 irregularly spaced small dipoles in, and normal to, the surface of the outer core. The non-dipole field constitutes, depending on geographic position, from 0 to 30 per cent of the geomagnetic field at the Earth's surface. Observatory data show that the main dipole has been stationary for at least the past 150 years, although it is decreasing in intensity at about 6 per cent century, whereas the non-dipole field moves and changes intensity rapidly. Those latter movements cause the geomagnetic secular variation. The best estimates of non-dipole movement for the present century is westward drift at about 0.2" of longitude per year. One of the major known characteristics of the non-dipole field is the regional minima over most of the central Pacific (Cox 1962) . Here the effect of the decreasing main dipole is evident, but the absence 2 N. D. Watkins, A. Hajash and C. E. Abranson of the non-dipole field is expressed in virtually unchanging directions of the geomagnetic field, or very low secular variation.
Knowledge of geomagnetic field behaviour prior to the initiation of observatory measurements must be obtained indirectly, by the palaeomagnetic method. Similarly, palaeosecular variation can be examined, if palaeomagnetically testable models are available. Models of the geomagnetic field expressed as relations between secular variation and geographic latitude have been formulated. Latitude dependence of any geomagnetic directional behaviour results largely because of the two-fold increase of geomagnetic field intensity between the equator and axis of a centred dipole. Models can be expressed as functions of the geomagnetic field directions (declinations and inclinations) or the corresponding virtual geomagnetic poles (or co-ordinates of the surface expression of the geocentric dipole giving rise to the observed directions). The latter presentation convention has several advantages over the former, when geomagnetic field models are analysed (Cox 1969) . The secular variation is best expressed as S in where N = the number of observations, and 6 i = the angular distance between the virtual geomagnetic pole (VGP) resulting from a given D and I at the site location, and true mean VGP. The true mean direction for the Brunhes Epoch is probably at, or very close to, the present geographic pole. The time span of the observations should be sufficient to sample both dipole and non-dipole movements: this period would appear to be of the order of lo4 years. The models of geomagnetic field behaviour which have so far been formulated for galaeomagnetic testing are:
Model A. Vectors of varying orientation but constant amplitude (to simulate non-dipole activity) are added to a fixed axial dipole (Irving & Ward 1964) . The variation of S with latitude is given in Fig. 1. Model B. Creer, Irving & Nairn (1959) proposed a model due to wobble of the main dipole only, without any non-dipole contribution. If resulting field directions (D and I> are analysed directly, the dispersion of directions vary latitudinally: but if the corresponding VGP are analysed, the effect of dipole wobble is the same at all latitudes ( Fig. 1) .
ModeZ C. This model combines dipole wobble and a randomly varying nondipole component. In Fig. 1 this is shown, using an ll+" maximum dipole wobble (S, ) which Doell (1969) has shown to be the most appropriate to the Brunhes epoch (t = 0 to 0.7 My) , and the present non-dipole behaviour (SN). The value of S, at each latitude is obtained by combining the VGP for the non-dipole field at each 10" longitude interval and averaging between hemispheres. The total secular variation (S,) is then obtained from S , = (S,2+SN2)f (2) Doell & Cox (1971 , 1972 have applied Brunhes epoch palaeomagnetic data from the Pacific region to these models, with the results shown in Fig. 2 . The low value of S for the Hawaiian Islands, shows that present low values of secular variation in the central Pacific have persisted since at least t = 0.7 My. The favoured cause for this phenomenon is the existence of a major mantle inhomogeneity coupled to the Earth's core so that non-dipole fields are suppressed, or shielded out at the Earth's surface.
It is clearly desirable to extend these observations to other regions, to assist in defining the limits of the proposed mantle inhomogeneity, in addition to further defining past relationships of S and latitude. According to the 1945 International Geomagnetic Reference Field, the non-dipole field intensity is low in the west-central Indian Ocean and other regions. The existence of non-dipole attenuation in addition to the central Pacific feature is therefore worthy of consideration.
Ln this communication we extend Brunhes epoch secular variation studies to the Indian and Atlantic Ocean regions.
Geological control
As Cox (1969) has stressed, the substantial difficulties usually involved in assigning geological ages to a series of igneous rocks are greatly minimized for Brunhes epoch (t = 0 to 0.69 My) materials. Outcrops of this age can easily be distinguished from the older Matuyuma epoch materials using polarity differences. Geomorphological criteria, and very high latitude VGP assist in this identification. Nevertheless, potassium-argon age determinations can increase the confidence of such age assignments.
We are presenting a compilation of Brunhes epoch paleomagnetic results from igneous rocks of the Indian and Atlantic Ocean regions. Many of the data have already been presented. We describe below the geological control only for those sampling sites previously unreported. The geographic co-ordinates of each body are included in Table 1 . The geological control for the remaining results are given in the respective references. 
The Comore Islands
Four principal islands comprise the Comores, which are located at the northern end of the Mozambique Channel (Fig. 3) . Esson et al. (1970) have recently reviewed the geology of the islands. Brunhes epoch lavas have been sampled on Grande Comore and Anjouan.
Grande Comore is the largest of the Comore Islands, and is geomorphologically young, being without any deeply incised valleys. It is dominated by the volcanic centres of Massif del a Grille (rising to 1087 metres above sea level) and Le Kartala (2361 metres), in the north and south respectively. Five of the sampled lava flows are from fissures of the northern centre. The possible tectonic significance of sandstone inclusions in these lavas have been discussed by Strong & Flowers (1969) . Le Kartala has experienced Historical eruptions from both the summit and flank fissures. Nine lavas, sampled on the west and central coasts, are ankaramites or feldsparphyric flows from fissure eruptions of La Kartala. All lavas are from the ' Phase Superieur ' stratigraphic subdivision of de Saint Ours (1960), which forms most of the prominent terrace of 8 m height fringing the coast.
Twenty-three lava flows were sampled on Anjouan. The topography is more dissected than on Grand Comore, consistent with an older age for the island. Lavas 2, 6, 7, 17, 18 and 21 are from the melanocratic-ankaramitic volcanic series of de Saint Ours (1960). These underly the other lavas sampled which are all from the Basaltic Volcanic Series. The older parts of the island, which have not been sampled, have been deeply eroded, providing channels for the younger sampled lavas, which are highly alkalic and feldspathoidal, including basanites and trachybasalts. At this time, no radiometric age control is available. We use polarity, VGP latitude, and geomorphological arguments to place the sampled bodies in the Brunhes epoch.
Amsterdam Island
This small island (Fig. 3) 
Crozet Islands
East Island is a deeply dissected volcanic shield of flat-lying basalts of alkalic affinities, overlying a deeply weathered basement dominated by fine irregular basaltic dykes and sills. Most of the 43 sampled lava flows occur in a single sequence. Gunn et al. (1970) have described the geomorphology of the island, and the petrography and geochemistry of the sampled lavas. Locations and cross-sectional diagrams of the three sampled lava sequences are included in Gunn et ul. (1970) .
Possession island is the largest of the Crozet group. Gunn et al. (1972) have compared the petrography and geochemistry of Possession and East Island. While monzonite and syenite have been identified in outcrops on Possession, the island is otherwise very similar geochemically and geomorphologically to East Island, with a series of horizontal to near horizontal lava flows constituting most of the island's surface. No old basement or sub-basalt unconformity is seen on Possession.
Age control on the Crozet Islands is by palaeomagnetic and potassium-argon methods. As will be shown below, all lavas sampled on East Island are of normal polarity. A reversed to normal polarity boundary was detected in the lower parts of three of the sequences sampled on Possession (Morne Rouge, Port Alfred, and Crique de Noel) and this was identified as the Brunhes-Matuyama polarity change (t = 0.69 My) by potassium-argon dating (private communication from Dr A. K. Baksi, Queens University, Ontario). All lavas above this horizon are therefore from the Brunhes epoch.
The Canary Islands
The location and names of the major islands in the Canary group are given in Fig. 4 . Abdel-Monem, Watkins & Gast (1971 , 1972 have presented a summary of the geology of all the major islands and regional crustal genesis, as well as giving an extensive series of potassium-argon age dates on igneous bodies from the major stratigraphic units on all islands. Diagrams of sample sites and surface geology of all islands are included. Table 2 shows all the potassium-argon age results for Brunhes epoch bodies. These radiometric ages provide a reliable framework for identification of Brunhes epoch igneous units on the various islands.
On Lanzarote the Brunhes epoch units were taken from Basaltic Series I11 and I V of Fuster, Santin & Sagredo (1968a) . On Gran Canaria, sampled bodies were from Basaltic Series I11 of Fuster et al. (1968b) .
The island of Tenerife is mostly Pliocene or Pleistocene, overlying Lower to 
<0-20
For geographic co-ordinates of sample sites, see Table 1 Middle Miocene regions which outcrop in the north-west and eastern peninsulas. The Brunhes epoch samples were taken from the Lower Canadas Series; the Upper Canadas Phonolites; and the Series I1 Basalts of Fuster et al. (1968~) .
La Palma consists of a series of basalt flows and minor alkalic intrusives draped around the flanks of a central cone, which has a deep caldera. A diverse igneous succession is exposed in the lower parts of the caldera. The lavas sampled are from the latest Adventive Basaltic Volcanics of Hausen (1969) AbdelMonem et ul. (1972) have shown that the oldest exposures on the island, occurring below a prominent soil horizon just above the base of the Frontera scarp or caldera, may conceivably have been extruded during the Gauss epoch ( i = 2-43 to 3.34 My). The younger normal polarity units are all from the Brunhes epoch, and are part of the Tableland Series of Hausen (1964) .
All igneous bodies so far sampled on Hierro are of normal polarity
Methods

Field methods
The various field methods employed in the previously published results are given in the respective references. These are very variable, and sometimes not specified.
The new data which we shall present here result from field collections made over five years.
None of the collections were made primarily for Brunhes secular variation studies, since in most cases age control was not available prior to the initiation of field studies. Major motives were to study the volcanic stratigraphy, polarity time scale, petrography, geochemistry, and palaeomagnetic pole positions. Results of several of these studies have already been published (Abdel-Monem et al. , 1972 Ade-Hall & Watkins 1970; Gunn et ul. 1970 Gunn et ul. , 1971 Gunn et ul. , 1972 Oversby & Gast 1971; Watkins, Richardson & Mason 1966; Watkins 1972) . These independent studies have defined the segment of the collection which is Brunhes in age, to provide the essential framework for the analysis reported in this paper. The number of separately oriented specimens taken from each igneous body varies, however, in conflict with idealized requirements of a palaeomagnetic secular variation study.
Doell & Cox (1963) showed that the ultimate accuracy which can be achieved in a palaeomagnetic study of secular variation in a volcanic region is limited by the magnetic anomalies resulting from the terrain over which a given lava flow cools, and the amount of within-flow angular deviation of remanent magnetism directions resulting from experimental (field orientation and laboratory method) limitations. Laboratory measurements, and consideration of the effect of magnetic anomalies of the order of those encountered on Ooshima Island (Rikitake et al. 1951) , which is a typical volcanic island, yielded estimates of the number of separately oriented cores required to achieve given precision of remanent magnetism directions in volcanic regions. For a within lava precision of KL [where K, = (N-l)/(N-RL) , and N = number of separately oriented cores in a lava; RL = resultant vector, applying unit vector per core] between 100 and 200, the directions can be defined at the 95 per cent confidence level to between 4.75 and 6-25', if N = 6. With N = 4, this confidence interval would increase to between 5.5 and 7.5", whereas for N = 2, the interval is 8" to greater than 11". It is clear therefore that application of palaeomagnetic data to equation (1) would be unlikely to yield S values with very meaningful precision limits if less than four separately oriented examples were employed from each rock unit, and from six to eight samples is clearly desirable. Stone (1970) has argued, on an empirical basis, using results from a palaeomagnetic study of secular variation in Alaskan volcanics, that fewer than six samples may be sufficient to provide acceptable results: he notes that the within-flow scatter does not depend greatly on the number of cores taken. It would seem doubtful, however, if less than four could be employed at a given site to yield results which can be profitably compared with S values from other latitudes. In this communication therefore, we have separated our data into ' first order' results (where N 2 4) and ' second order ' results (where no lower or upper limits are placed on N).
Cores from the previously unpublished Indian Ocean and Canary Islands studies were all collected using a portable gasoline powered drill and oriented in geographic co-ordinates while still attached to outcrop, to an accuracy of 2q.
Laboratory
One specimen of 2.3 cm length was taken from each core, which were all of 2.5 cm diameter. All specimens were demagnetized in alternating magnetic fields of H = 100, 200 and 300 oersteds (McElhinny 1966), using spinner and astatic magnetometers. Measurement of remanent magnetism direction and intensity was made for the undemagnetized state (the natural remanent magnetism or NRM) and after each demagnetizing treatment.
Computation
The mean direction of magnetization for each lava was computed using the minimum scatter criterion of Irving, Stott & Ward (1961) , as discussed by Watkins & Richardson (1968 ). This method employs one direction of remanent magnetism from each core following demagnetization treatment, the particular alternating field value used being selected so that the minimum scatter of within-lava directions (or maximum K a is produced. This method of computation is preferred to the more commonly applied single demagnetization treatment for a whole sequence of lavas, or for a series of specimens from a single lava, since several studies show that withinlava magnetic stability can vary greatly, so that different demagnetization treatments are required to minimize unstable components within a single lava. Such a computation leads, in practice, to the effective ' weighting ' of mean directions in single lavas, to the directions of the more stable specimens, which is clearly desirable in practice. This computation method has been criticized by Storetvedt (1970) and Van der Voo (1968 ) who prefer to use data resulting from single demagnetization treatments. Van der Voo (1971) calls the minimum dispersion method ' unrealistic', while at the same time stressing that stability differences exist within single lavas: these statements would appear to be somewhat incompatible. In part to counter these criticisms, computations in this presentation are included for single demagnetizing treatments of H = 100,200, and 300 Oe.
Values of S are computed according to equation (1) applying unit vector per lava or point in time, using that direction for each lava which results from the minimum scatter computation. The choice of the reference pole for the computation of 6i in equation (1) is problematical: this reference pole can be either the computed mean direction for the given site (to provide S1); the computed mean directed for the region (to provide S2), which could be expected to be an improved estimate of the true mean direction since more data and averaging of local anomalies are involved; or the present geographic pole (to provide S,) since much evidence exists to show that the spin axis was at or very close to its present position during the Brunhes epoch (Doell & Cox 1972) . For small values of S, Cox (1969) In Table 3 , the mean D, I and VGP co-ordinates are given for the Indian Ocean region results, for each demagnetizing field value, as well as for the minimum dispersion computation method. The mean D and I, and the VGP for each sampled unit resulting from minimum dispersion computation, are included in Table 4 .
Table 4(a) shows the results of analysis of those units with N 2 4 separately oriented specimens per body (first order data) and Table 4(b) gives the results of the same analyses for all data, regardless of N for each body (second-order data). Table 5 (a) presents the results of computation of the angular dispersion (S) for each site or group of sites, for the first order data, using the various reference poles (S,,S,,S, and S, ) described above, as well as the upper and lower limits of the associated 95 per cent confidence intervals (Su and Si). Table 5 (b) presents the corresponding results for second order data.
Discussion
Miriimum dispersion computation lnspection of Table 3 reveals two facts about the minimum dispersion computation method, as applied to the data for the Indian Ocean studies: the mean D and I values following each demagnetizing treatment are subject to very small changes; 110.6 dp" dm" 4.0 7.5 3.3 6-2 3.3 6.2 3.2 6.0 3.3 6.2 3.5 6.5 3.1 5 -9 3 -2 6-1 9.3 13.2 9.5 13.3 9.9 14-1 9 -8 13. Table 1 . Also: K = N-l/N-R; where R = resultant vector, applying unit vector per body. dp and dm = length of semi axes of 95 per cent confidence oval, in line with and normal to great circle between site and mean pole position.
and the between-lava precision parameter ( K ) is not always at a maximum following minimum dispersion computation, but rather following a single demagnetizing treatment. (In the Possession Island data, for example (Table 3) , K is maximum after demagnetization of all specimens in a field of 100 Oe, and is less for the minimum dispersion computation than at any of the three demagnetizing treatments. The data for Anjouan is quite different, with K being maximum at the minimum dispersion computation.). This is because the mean D and I values within each lava following minimum dispersion computation may differ from those resulting from single demagnetizing treatments, so that when between lava means are computed, the minimum dispersion data can yield wider coddence parameters. Accurate values of K are especially important in secular variation studies. Selection of results for a site or group corresponding to a maximum between-lava K has no physical basis: there is no reason whatsoever to believe that the true mean direction of remanent magnetism in a suite of lavas is that corresponding to maximum K values: there would clearly exist a strong possibility that a misleadingly low S value could result from application of this data computation method. This is to be contrasted with the maximum K , computation system, which (as argued above) is based on the reality of stability variations within single lavas. This is not to say that minimum dispersion computation is incapable of yielding misleading data for a single body: have argued that this will not occur, however, if at least one specimen in the given body is of medium to high stability to ' weight' the mean direction. Also the effect of imperfect demagnetizing procedures (whereby spurious components are added to the specimen) is eliminated by minimum dispersion computation provided cores within a single lava are drilled at varying azimuths, since any systematic component addition to each core will then result in a decreasing K, value for a lava. We find it impossible to accept the ' unrealistic ' description of the minimum dispersion computation method (Van der Voo 1971); and we therefore choose to analyse basic data by the minimum dispersion method. Fig. 5 shows the values of S4 and associated 95 per cent confidence limits as a function of geographic latitude for all second order data. The corresponding latitude dependence of SD (or D), S,, A and ST (or C) as functions of latitude, as discussed earlier (Fig. 11, are superimposed on the results.
S : Second order data
Inspection of Fig. 5 shows that the confidence limits on most of the S4 values are very large. This almost certainly reflects the low number of separate samples from each lava (yielding low K,J values), and/or low numbers of separate bodies, or points in time (Table 4(b) ). We believe that the result from Reunion ( any number of separately oriented samples per body). Results given in form of 95 per cent confidence limits (Cox 1969b) . So, S,, A and C, correspond to S : 8 relationships for various geomagnetic models and present field behaviour (see text and caption to Fig. 1 for definitions instructive in this context: while a large number of separate bodies (49) are involved to yield smaller 95 per cent confidence parameters, only one sample per lava comprise most of the data, resulting in a high S4 value. Of course, any result can be suspected to be a function if insufficient time range (if S4 is small) or insufficient separate bodies (if S4 is large), illustrating some of the dilemmas of palaeomagnetic secular variation studies: it is clearly essential to obtain wide time coverage. It is somewhat surprising that despite the unsatisfactory nature of this second order data, a latitude dependence of S4 is nevertheless apparent from inspection of all data in Fig. 5 . This relationship, while poorly defined, is sufficient to remove the possibility of the dipole wobble model (S, in Fig. 5 ) is evident, and there appears to exist the possibility that S increased more rapidly with latitude during the Brunhes in the Atlantic and Indian Ocean regions, than at present (Fig. 1) . Since Doell (1969) has shown that the best estimate of the Brunhes dipole wobble is about l l F , then it follows that non-dipole activity would have to be more intense at the higher latitudes of the Atlantic and Indian Ocean Regions, to explain the results in Fig. 6 . As with the second order data, the dipole wobble model is eliminated from further consideration. Models A and C cannot be distinguished by the data presented here, and it would appear doubtful that those models can be distinguished palaeomagnetically, unless ideal sequences of materials can be sampled at very high latitudes. This suggests that since it appears very probable that the only palaeomagnetically distinguishable geomagnetic field model is SD (or dipole wobble), and since this is clearly rejected by both selected first and second order results, then in this context nothing was gained by taking four or more cores per body, as opposed to two per body. Our results show, however, that detection of different latitudinal changes of S, or non-dipole minima (Fig. 1 ) cannot be made with low K L values, in agreement with Doell & Cox (1963) . The data from the Comores (Fig. 6) in particular, and also the second order results from Ethiopia and Mauritius (Fig. 5) pose the intriguing possibility that Brunhes subdued non-dipole activity may be a feature of the West central Indian Ocean, in similar fashion to the central Pacific Ocean feature (Fig. 2) defined by Doell & Cox (1971) . At this time, no distinction can be made between an attenuated non-dipole field superimposed on dipole wobble, or models A and C, for the Brunhes epoch in the West central Indian Ocean.
